Introduction
Fractures are of great interest for hydrocarbon production. In particular, they can provide conduits for fluid flow, hence knowledge of their distribution and orientation can be critical, especially for horizontal wells. Unfortunately, most fractures are relatively small, and well beyond the imaging range of conventional seismic data. On the other hand, it is increasingly recognized that fractures do have a strong influence on shearwave energy (S waves). Indeed, amplitude variations in stacked (qS2) shear-wave data have successfully been used to identify productive fracture clusters in the Austin Chalk formation in Texas (Mueller 1991) .
Although seismic information on fracturing is most readily obtained from shear waves, direct measurements of shear-wave energy require both specialized sources and multicomponent receivers, and are not feasible in marine environments, except perhaps at the sea floor. Of importance is the fact that fractures have an impact on the entire seismic wavefield, with the imprint of the fracture symmetries leading to a general azimuthal behaviour. As a result, although compressional (P) waves are relatively insensitive to fracturing at near offsets, they can become linked to the larger effects experienced by the shearwaves through mode conversion at oblique incidence, and also through their own specific sensitivity. Thus, it is feasible that anisotropic variations in P-wave behaviour can provide a way of obtaining information on fracture properties at subseismic scales (MacBeth 1995) . This then offers a potential means of studying fracture distributions and orientations in marine areas.
In this paper we present evidence to show that information on both the presence and nature of fractures can be obtained from conventional marine (P-wave) seismic data using AVO (amplitude variation with offset) analysis. In particular, our results demonstrate that fracture-related AVO has a distinct 'British Geological Survey, Edinburgh EH9 3LA, UK, *Formerly Ensign Geophysics Ltd, now Veritas DGC Ltd, Crawley, Sussex RHIO ZQR, UK, 3Amerada Hess, London SW1 7HY, UK anisotropic (directional) behaviour that can be linked directly to the azimuthal orientation of the fractures. Indeed, this is consistent with the numerical study of Mallick & Frazer (1991) , and has previously been observed in land data for a variety of fractured gas reservoirs (Lynn et al. 1996) . However, to our knowledge, the results given in this paper constitute the first example of this phenomenon for a marine dataset.
Structural setting and lithology
The study area for this paper is the Fife field, and is located in an embayment on the southern flank of the Central Graben in the south-eastern portion of the Central North Sea (Mackertich 1996; Fig. 1 ). The trapping mechanism for the field was formed by late (Tertiary) normal movement on an E-W trending splay of the Epsilon fault zone. Regionally, this latter zone appears to be a SW-NE strike-slip feature, and, in contrast to the regional NW-SE fault trends that control the overall structural evolution, the splay is perpendicular to the main Jurassic extensional faults. The field itself has a shallow relief, dipping gently to the South, West and East, and becoming steeper to the North.
The main reservoir was discovered in 1991 and consists of thick Upper Jurassic bioturbated sandstones, unconformably overlain by the Kimmeridge Clay formation and Upper Cretaceous chalk, both of which act as seals (Fig. 2a) . The reservoir sandstones are at a subsea depth of 2508 m, with an oil-water contact at 2594 m (Fig. 2b) . They possess high porosity (26%), but have a relatively low permeability, ranging from 120 mD in the crestal parts, to between 20 and 30 mD towards the South. The reservoir contains approximately 132 million barrels of oil, of which only 26% is estimated to be recoverable due to low mobility.
In addition to the main reservoir, hydrocarbons have also been encountered within the overlying 150 m-thick Chalk Group (Fig. 2(b), Fig. 3 ). These chalks consist of three formations: the Ekofisk, Tor and Hod, each of which is separated by a regionally developed unconformity. The Ekofisk is particularly distinctive as it is free of fractures, this being a natural consequence of the particular uplift mechanism for the reservoir. The thinner Hod contains pressuresolution seams, stylolites, and shale bands, all of which display a marked difference in the sonic and resistivity logs. The average porosity in this formation is between 8 and 12%, with the stylolites contributing to both the local porosity and permeability. This formation shows some evidence of fracturing and oil staining towards the North (at W2), where it also thins towards the structural crest. The lower part of the Tor exhibits intense bioturbation, low-amplitude stylolite seams, and tectonic fracturing. Dip and azimuth displays of seismic horizons indicate several possible fracture orientations, some parallel to the Epsilon fault splay (ENE-WSW), and some parallel to the Jurassic extensional fault strike (N-S).
The fractures within the Tor unit contain oil near the lowrelief crest, where oil staining is observed in the cores (Fig. 2~) . The exact mechanism for the presence of the oil is uncertain, but may be due to leakage from the sandstones along the adjacent faults. Elsewhere the fractures are healed with clay (or occasionally calcite and gypsum). At the structural crest the Tor has an average porosity of 25%, matrix permeabilities between 0.1 and 2 mD, and a water saturation of 50%. This feature is estimated to contain between 10 and 24 million barrels, although this is not currently commercially recoverable due to a low gas-oil ratio, small compaction drive, and permeabilities which prevent efficient water injection. It should be noted that the faulting associated with these features cannot be observed with standard seismic methods, and that conventional information on fracture details within the Tor is therefore largely unavailable. 
Seismic data
The seismic coverage over the Fife area includes many intersecting 2D lines across the crest of the field and provides information for a wide range of shooting directions. Furthermore, because the geology is quite flat, structural effects in the data are relatively small, and each line can effectively be considered a direct representation of the underlying geology, even without migration. With this in mind, we initially chose three lines that intersect at the location of the discovery well (Wl) where the drilling confirmed the presence of the oil-filled, fractured Tor (Fig. 4) , and then two further lines. The lines themselves lie subparallel and subperpendicular to the known local faulting, with three lines (A2, A3 and A4) shot in the NW-SE direction, and the two remaining lines (Al and A5) orientated roughly NE-SW. All five lines were acquired with a 2-ms sample interval using a 25-m shot interval and 3 km streamers. However, four of the lines (Al, A2, A4 and A5) were acquired using airguns and have a group interval of 12.5 m, while the fifth (A3) used waterguns and a group interval of 25 m.
Figures 5 and 6 show migrated stacked sections for lines Al and A2, together with zero-offset synthetic seismograms derived from the sonic logs at Wl. The top of the Chalk group and the Base Cretaceous Unconformity (near the top of the Jurassic sandstone) are readily identifiable as strong reflections due their large impedance contrasts. The Top Ekofisk, which lies at 2403 ms at the Wl location, is a very strong and reliable event across the whole of the field. It has a positive reflection coefficient (a peak in the displays shown here) due to the impedance contrast generated by the claystone velocities (sonic P-wave velocity, VP, of approximately 2460 m s-r) and the higher chalk velocities (VP = 3500 m s-l). In the original processing (corresponding to the data shown in Fig. 5 ), the Top Ekofisk provided control for depth conversion and structural interpretation. However, in this study, this horizon was also used to calibrate the processing using well information, and to provide amplitude control (see below). The Top of the Tor is not a clear horizon, being picked as a zero crossing. The Bottom Chalk reflector, which lies at 2489 ms, is a strong and consistent trough due to the negative reflection coefficient arising from the transition between the Chalk (VP = 4200 m s-l) and the low-velocity Fife sandstones (VP= 3080 m 5-l).
The Top Triassic appears as a weak event, whilst the Top Zechstein is again a strong positive peak. The overburden is horizontally layered with little apparent complication, and the Chalk possesses only gentle relief.
These data are ideally suited for investigating azimuthal variations in the P-wave amplitude using standard streamer surveys. 
Predicted amplitude variation with offset and azimuth
As a prelude to a more detailed analysis of the field data, the study began with a series of theoretical calculations of the expected magnitude and nature of the amplitude variations from the Chalk Group. In the first of these calculations, reflection coefficients for the Chalk interval were obtained numerically using an equivalent anisotropic medium for the lower chalk, with the elastic constants determined from the formulation of Hudson et al. (1996) . Underlying this particular formulation was the assumption that the fractures consisted of planar distributions of aligned, vertically-orientated, and isolated, hydrocarbon-filled voids. This fracture representation was particularly appropriate for the present study since there was no fracture-enhanced permeability (and hence no interconnectivity) due to through-going open fractures within the chalk. In addition, the hydrocarbon appeared patchy, and also filled some of stylolite porosity. The hydrocarbon-related porosity in the Tor was estimated from the oil saturation and total porosity to be about 15%. However, only a much smaller percentage of this hydrocarbonfilled pore space is likely to display a predominant preferential orientation. This percentage is estimated to be roughly 0.01% of the available pore space as a consequence of the small aspect ratios (0.001 or less) of the voids evident in the thin sections and core photographs. Fortunately, as will be seen in the calculations below, such small-aspect ratio inclusions have a strong seismic anisotropy response, even at such small 0 1999 EAGE porosities. The hydrocarbon in the voids was modelled as a nonviscous, live (gas-permeated) oil, with seismic properties dependent upon the known physical conditions of the reservoir and the measured gas content. More specifically, the seismic properties were determined using relationships obtained from Batzle & Wang (1992) , a known gas/oil ratio of 17 L/L, a temperature of 115°C an API gravity of 35 and a pressure of 5575 psi. These result in an estimated density of 0.75 g crnw3 and a P-wave velocity of 1150 m s-r. The background shearwave velocity was obtained from the converted shear waves generated in a rig-source VSP acquired at well Wl. Figure 7 (a) shows a stereographic projection of the reflection coefficients obtained with the above approach for the Bottom Chalk reflector. The fractures were assumed to be concentrated throughout the Tor down to the base of the chalk. The results show that, while only small variation in amplitude are expected perpendicular to the fracture strike for all but the largest angles, there should be a marked decrease in reflection strength with respect to the angle of incidence parallel to that direction. In addition, because the chalk velocities are relatively high, rays incident on the base of the Chalk Group are significantly refracted, and the amplitude variations should therefore be observable at relatively small offsets. By contrast, for the offset ranges in the data, reflections from the Top Chalk possess incidence angles of no more than 32 degrees. Moreover, because little or no fracturing is anticipated for the Top Chalk reflector, the corresponding event is likely to be isotropic and exhibit no variation in AVO with respect to direction (i.e. azimuth). Nevertheless, it is also instructive to consider the effect of fracture-induced anisotropy strike, and a rapid decrease in amplitude beyond a critical angle on this reflection, since any deviations from this model could in the parallel direction. Due to the raybending effect, this contaminate (and even obscure) fracture-induced effects from decrease is beyond the offset range of the data. This indicates the Bottom Chalk. With this in mind, the modelling was that for the current acquisition reflections from the Top and repeated using the same fracture details for the Ekofisk unit.
Bottom Chalk behave differently in the presence of fractures. The results in Fig. 7(b) show a different offset and azimuthal They can therefore be used to assess evidence for azimuthal behaviour, with a slight dimming perpendicular to the fracture variations in AVO at other neighbouring horizons. In 
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particular, this confirms that it would be justifiable to equalize amplitudes from the Top Chalk prior to detailed interpretation of these effects. This equalization can thus provide a method of correcting for the significant overburden variations described by Horne & MacBeth (1997) which can adversely affect interpretation of the directional variations at the reflector. Finally, full-wave modelling was performed using the anisotropic reflectivity method (Taylor 1991) to confirm that the predicted amplitude variations could be measured in field data. Although for this modelling the fracturing is confined to the Tor, similar results to those above are expected due to wave-averaging (wavelength is approximately the same thickness as the chalk interval). In this case, sonic and density logs were used to build the background isotropic model, with the chalk simulated anisotropically as before. The depths and offsets used in the calculation were obtained from the actual field configuration, but with a group spacing of 50 m to give a total of 60 receiver groups. The source signature was a zerophase wavelet with a peak frequency of 35Hz. Calculations were performed both parallel and perpendicular to the fracture direction, and simulated cases for fractures filled with both live oil (gas-saturated oil) and dead oil (no gas). To inject further realism, normal-moveout correction was applied to all of the resulting full-wave synthetics using the velocities for the line parallel to the fracture strike. The corresponding results (shown in Fig. 8a,b) again predict that these fractures can create the necessary contrast in seismic properties of the Bottom Chalk to produce a relative dimming at incident angles greater than 30 degrees (i.e. offsets beyond 1800 m) for lines parallel to the fracture strike. The modelling also indicated fracture-induced changes in moveout velocity between the line directions. Similar velocity anomalies have also been observed in other areas, and, while not included in the analysis used here, can provide additional information on the existence and nature of any fractures (Li 1997 ).
Processing and results
Following the theoretical studies, the actual field data were reprocessed with a view to preserving amplitude variations within the Chalk interval. This was achieved by keeping the number of processes to a minimum, and controlling the seismic wavelet using well information. The essential steps in the sequence consisted of bandpass filtering, exponential gain, sorting to common-midpoint gathers, and normal moveout correction. Following these procedures, the data were stacked and the watergun data (A3) matched to the airgun data (Al and A2) at well Wl using inverse filtering. All three lines were then matched to a zero-offset, zero-phase synthetic at the well location using a single operator consisting of a constant phase rotation of 15 degrees and constant time-delay of 5 ms. The resultant waveforms are shown in Fig. 9 . The final combination of matching operators were then applied to the prestack data prior to the amplitude analysis. Figure lO Evidence of the quality of the wavelet match can be seen by the consistent amplitudes across the Top Chalk at all offsets on all gathers. This confirms the integrity of the processed amplitudes. The Base Chalk reflection shows a quite varied response. In particular, none of the data outside the fracture zone (Fig. lob) show any significant evidence of amplitude variations at large offsets, while inside the fractured area ( distinct dimming with increasing offset. Furthermore, this is significantly different from the behaviour of the other airgun line (Al) that is orientated at 90 degrees to these lines. Similar amplitude variations are also apparent at other locations within the fracture zone. From the predictions in the previous section, this suggests that the fracture strike detected by the anisotropy is perpendicular to the Epsilon fault. The general amplitude behaviour across the entirety of the lines is displayed in the composite attribute plots of Figs 11 and 12, where stacked sections for the near-offset range (o-1500 m) and then the far-offset range (1500-3000 m) are plotted separately for lines Al and A2, and then A4 and A5. In Fig. 11 , it can be seen that line Al displays little amplitude variation at near and far offsets. Line A2, on the other hand, shows a marked change in character at the well location, corresponding to the predicted edge of the fracture zone. Although this behaviour is partly the result of misstacking due to anomalous moveout for the Base Chalk reflection (Fig. lo) , it is also consistent with the predicted amplitude behaviour for the case where the line is oriented parallel to the fracture strike. Thus, these results indicate that the fracture strike is perpendicular to the Epsilon fault. In addition, the Top Chalk reflector remains continuous to the CDP positions at the north-west end of this AVO response, and it is our belief that this is related to the line, but the Bottom Chalk exhibits a sharp reduction in anisotropic behaviour of the medium due to the presence of amplitude for a wide interval before increasing again beyond fracrures. This provides additional support for the original CDP 320. These results indicate significant lateral variations in prediction of the oil-filled zone.
Line Al The above results are also consistent with those for lines A4 and A5 (Fig. 12) . In particular, line A4, which is parallel to the fracture-strike direction predicted from line A2, generally exhibits a similar continuity on the Top and Base Chalk events for both near-and far-offset averages. Thus, in keeping with the geological interpretation (Fig. 4) , this is suggestive of the absence of fractures along the line. Similarly, for line A5, although there is some dimming at both near and far offsets (perhaps due to additional complications from structure or faulting), the relative behaviour of the near-and far-offset stacks shows no significant overall change in amplitude variation with offset. Thus, the amplitude behaviour on line A5 also conforms with the N-S extensional faulting seen within the Fife embayment. Indeed, as stated earlier, this N-S orientation is seen on the Top Chalk and Base Cretaceous dip-azimuth seismic attribute displays.
The overall results of this study indicate that the technique may in fact be sensitive to the oil-filled fractures and be of great value for mapping productive fracture regions throughout the chalk.
Discussion
In view of the consistency of the results obtained in both our theoretical and empirical studies, we believe that measurements of the azimuthal variation in AVO can be used to indicate the presence and orientation of fractures in marine data (at least for fractured chalk sequences similar to the kind studied here). A point of particular value in the application to other reservoirs, is that these results were obtained for unconnected fractures filled with oil possessing a low GOR, for which the degree of dimming directly correlated with the preferentially-orientated fraction of the hydrocarbon porosity.
For the case of impermeable carbonate reservoirs similar that studied here, but with the fractures connected, the offsetdependent amplitude variation may be further exacerbated so that it becomes more noticeable at smaller offsets and high gas saturation (MacBeth 1998) . This enhancement will occur due to fluid communication between the fractures and the matrix porosity, but may also take place with communication between fracture sets. This line of thought may be further developed, based on the substantial change in the seismic properties of oils with increasing gas saturation suggested by Batzle & Wang (1992) . Consequently, the technique proposed above may also be suited to monitoring fracture-enhanced production, as the GOR in the reservoir will vary.
In general, the presence of any azimuthal anisotropy variations should be indicative of fractures, and the detailed nature of the amplitude variations should give valuable clues as to the orientation of the fractures themselves. Unfortunately, comprehensive estimation of the fracture orientation does require data with more than the two directions studied here. However, even without these directions it is still possible to map the fracture distribution from the amplitude variations at large offsets as line azimuths lying within 15 degrees of the fracture normal can still exhibit significant dimming. More accurate orientation values may, of course, be obtained with surveys offering a wider azimuthal coverage. In fact there are two types of acquisition which may be of direct relevance to this work: seabed seismics (e.g. Berg et al. 1994 ) and vertical cable seismics (e.g. I&i1 1994). Seabed acquisition, in particular, offer the possibility of analysing other wavetypes such as P-S which may provide an enhanced sensitivity to fracturing (Li et al. 1996) . The analysis of anisotropy using these new technologies is currently the subject of active research. Returning to the present geometries, it should also be noted that one major benefit of the intersecting line method is that it may be used to map productive fractures using standard 2D (or even 3D) geometries. This therefore offers great potential for immediate application, due to the higher signal-to-noise and the ready availablity of these data in the North Sea.
Conclusions
We have shown the first example of directional-dependent AVO in marine data, and find that hydrocarbon-charged fracture zones give rise to an amplitude reduction with offset along seismic lines parallel to the fracture strike. This amplitude effect is revealed in reflections from the Bottom Chalk using a method of overburden equalization that eliminates ambiguity due to overburden complications. The same approach can be applied to other types of reservoir, and thus provides a framework for further studies. Although the techniques are highly appropriate to chalk reservoirs such as Ekofisk (Key et al. 1996) , they may be equally applicable to the complicated sandstone architectures found on Clair (Coney et al. 1993) . In these fields, as in many others, an understanding of 'subseismic' fractures is becoming increasingly vital for proper evaluation of the reservoir process, and highlights the growing need for anisotropy-based techniques,
